INTRODUCTION
In the regions where few field neotectonics and paleoseismic studies have been performed (e.g., Central America), the interpretation of the seismic sources responsible for the historical (preinstrumental) catastrophic earthquakes lies almost entirely in the spatial distribution of damage interpreted from historical sources, mainly fragmentary written documents. The occurrence of catastrophic earthquakes affecting this region justifies the necessity of a deeper analysis of the geologic implications of the more significant historical earthquakes in light of the new insights. Recent advances in the identification and dating of surface-rupture evidences along the central El Salvador volcanic arc led us to revisit some historical evidence of damage along this region and to combine geologic (paleoseismic) evidence with damage distribution.
At least 11 destructive earthquakes have occurred in El Salvador since 1900 Fig. 1) . These events caused more than 3000 deaths as a consequence of strong ground motions and/or subsequent landslides . The instrumental earthquake record shows that large (M w > 7) events occurred as reverse fault events along the interface between the subducted plate and the over-riding continental plate or as normal-faulting events within the subduction plate resulting from extensional forces generated by slab-pull forces or by bending of the subduction plate (Álvarez-Gómez, 2009 ). Onshore, instrumental earthquakes have been reported with moderate magnitudes (M w < 6:6) in association with the highly seismic volcanic arc area. Preinstrumental historical records larger than M w > 7:0 usually have been assigned to the subduction zone, whereas historical records with M w < 7:0 have been assigned to the volcanic arc regions (White et al., 1987; Dewey and Suárez, 1991; Harlow et al., 1993; White and Harlow, 1993) . However, paleoseismic studies provide evidence of large earthquakes (M w > 7:0) associated with the rupture of the El Salvador fault zone (ESFZ; Canora et al., 2012) . This fault zone has a complex structure composed five segments, dominated by east-west to east-southeast-west-northwest strike-slip faults. The total structure extends for 150 km through central El Salvador. Some of those large surface-rupture events are dated to the eighteenth century and later, opening the possibility of reinterpreting historical destructive events that were previously located using only damage distribution.
The last two destructive earthquakes occurred on 13 January and 13 February 2001. The M w 7.7 January event ruptured part of the subducting plate and caused around 944 deaths in El Salvador, mainly from triggered landslides . The M w 6.6 February event struck the central part of El Salvador and caused another 315 deaths, thousands more injuries, and extensive damage (Fig. 1 ). This earthquake was associated with the reactivation of the San Vicente segment of the ESFZ (Canora et al., 2010) .
The ESFZ is a major structure in the Central American volcanic arc associated with high rates of historical seismicity. Global Positioning System velocity data indicate strain accumulation rates of 9-10 mm=yr for the ESFZ (Alvarado et al., 2011) . The San Vicente segment is an east-west-oriented right-lateral strike-slip fault that extends more than 20 km from the Ilopango caldera to the city of San Vicente (Fig. 2a) . Paleoseismic studies undertaken on this fault segment after the 2001 earthquake (Canora et al., 2012) found only subtle evidence of the 2001 rupture in the trenches but substantially large coseismic displacements for previous events, suggesting that prior ruptures along the ESFZ could have been associated with earthquakes much larger than the 2001 M w 6.6 event.
In this paper, we analyze a new trench excavated at the site on the ESFZ with the highest surface expression of the February 2001 M w 6.6 El Salvador earthquake, in order to compare the event displacement with the magnitude. Then we review the historical record of destructive earthquakes in El Salvador, reinterpret the damage distribution, and compare them with the previous paleoseismic event displacements and ages to evaluate if any of those large historical events occurred on the ESFZ. We also construct a new isoseismal map for the 6 March 1719 earthquake that suggests the damage reported could have been a consequence of rupture of the ESFZ rather than of subduction zone. We thus challenge the traditional assumption that only the subduction zone is capable of generating earthquakes of magnitude greater than 7.0 in this region.
The assumption of a greater maximum potential magnitude than that considered until now for earthquakes associated with the faults located along the Salvadorian volcanic arc has important implications in seismic-hazard assessments in this region.
PALEOSEISMICITY: FINDING LARGE EVENTS ALONG THE ESFZ DURING HISTORICAL TIMES
Previous studies carried out paleoseismic analysis along the San Vicente segment of the ESFZ (Fig. 2b) , the segment responsible for the 2001 M w 6.6 earthquake, to assess the recent rupture history of that part of the fault (Canora et al., 2012) . To determine the timing of large earthquakes, Canora (2011) identified and dated stratigraphic units that were displaced by the fault (Figs. 3 and 4) . Ages for stratigraphic units in the trenches either come from the identification of known airfall tephra in the trenches (e.g., Dull et al., 2001; Hernández, 2004) or by radiocarbon dating of organic samples in the trench sediments (Canora et al., 2012) . From this study, at least seven events were identified on the San Vicente segment of the ESFZ in the last ∼8 ka (Figs. 3, 4 , and 5).
Despite the existence of morphological evidences and eyewitness descriptions of cracking along the fault zone during the February 2001 M w 6.6 earthquake, the surface rupture was not observed clearly on most of the trench walls (Fig. 3) (Canora, 2011) . This can be explained by the very small vertical offset on the fault that produced an almost pure strike-slip movement, with a maximum horizontal offset of 0:6 0:1 m (Canora et al., 2010) .
To quantify the single-event displacement associated with the February 2001 earthquake, we excavated a new trench (Buenavista trench) at the place where the surface evidence of slip was more conspicuous and the lithological conditions were more adequate to observe subtle deformations (Fig. 2b) . In this trench, the 2001 event is observed as a small fracture with 0:1 0:05 m of vertical displacement (Fig. 6 ) and a net slip of 0:5 0:1 m. Single-event displacements of older earthquakes identified in the trenches appear to be highly variable, with a net slip ranging from 0:6 0:1 to 9:6 1:5 m (Fig. 5) . It is possible that the largest single-event displacements either represent more than individual events on the San Vicente segment or events that ruptured multiple fault segments (Canora et al., 2012) . Although the uncertainties in the estimation of net slip in strike-slip faults using paleoseismic trench data are important, the large single-event displacements (2:3 0:5 and 3:7 0:7 m net displacements in Fig. 5 ), together with empirical relations (Wells and Coppersmith, 1994) , suggest the occurrence of at least two earthquakes with M w > 7 in the last 1.5 ka (Canora et al., 2012) .
HISTORICAL SEISMICITY: BRINGING THE 1719 EARTHQUAKE TO THE MAINLAND
The historical record in El Salvador covers the last ∼500 years; thus, it could be possible that one of the events recorded in the paleoseismic analysis could also be recorded in the historical documents. We investigated historical and instrumental seismic catalogs compiled by different national and international institutions (data available online at http://www.snet.gob.sv/ ver/sismologia/registro/estadisticas/, http://neic.usgs.gov/, and http://www.isc.ac.uk/; last accessed December 2013), and we also reviewed the related literature (Bustillo, 1774; Montessus de Ballore, 1884; Díaz, 1930; Lardé-Larín, 1978; Martinez and Maximiliano, 1978; Harlow et al., 1993; White and Harlow, 1993; Peraldo and Montero, 1999; Ambraseys and Adams, 2001; Dewey et al., 2004; White et al., 2004) . The spatial distribution of damage used in those studies is not precise enough to provide a unique interpretation of the earthquake source associated with some of the large events, specifically the 1719 earthquake. Bustillo (1774) and Montessus de Ballore (1884) created the first earthquake catalogs for the region, but the majority of the information concerns the largest cities. Later, Martinez and Maximiliano (1978) and Lardé-Larín (1978) introduced more extensive descriptions of earthquake damage into their catalogs, using data from primary sources. Peraldo and Montero (1999) and White et al. (2004) , together with Lardé-Larín (1978) , have been key sources of data for this study.
+The penultimate event (M w 7:1 0:1; magnitude derived from regressions of Wells and Coppersmith, 1994) found in the paleoseismic trenches (event 2 in Fig. 3 ) occurred between A.D. 1485 and 1803. This major event must be registered in the historical catalogs. We hypothesize that this event could be correlated with the 6 March 1719 earthquake recorded in the historical seismic catalogs. Based on the historic records, some authors have proposed that the subduction zone was the source of this earthquake (see Peraldo and Montero, 1999; White et al., 2004) , and assigned a M s 7.2 based on MMI VII contour area of 9243 km 2 . Peraldo and Montero (1999) created an isoseimal map for the 1719 event based on macroseismic parameters taken from the historical sources. To evaluate the validity of this isoseismal map in assessing the position of the seismic source, we analyze the damage distribution produced by the two destructive earthquakes that occurred in 2001 in El Salvador (Fig. 7a,b) . The El Salvador Centro de Investigaciones Geotécnicas (CIG) made preliminary isoseismal maps for the January and February 2001 earthquakes that were published on the Internet (http://www .snet.gob.sv/Geologia/Sismologia/isosista_2001.htm, last accessed December 2013). These events can be used as a modern analog of damage distribution for historical events.
The MMI contours of the 13 January M w 7.7 earthquake source, located in the subduction zone, are open to the south of the country (Fig. 7a) , whereas the MMI contours of the February M w 6.6 earthquake close around the epicenter are located within the volcanic arc (Fig. 7b) . In Figure 7a and 7b, we have included a Kriging interpolation of the peak ground acceleration spatial distribution for the 2001 earthquakes with data taken from and Salazar and Seo (2003) . The isoseismal geometry is fairly coherent with the spatial distribution of maximum horizontal accelerations recorded. Seismic intensity (MMI) and peak ground acceleration (PGA) are two parameters that describe the degree of ground shaking for earthquakes and depend largely on local factors. No relationship between PGA and MMI exists for El Salvador, and those that best-fit are proposed by Wald et al. (1999) for California and Linkimer (2008) There are some difficulties in relating PGA and MMI. Seismic intensity considers a subjective description of human response to ground shaking and a description of building damage. Therefore, numerous factors may affect the MMI estimate at a particular site. On the other hand, PGA simplifies the complexity of ground shaking without considering factors such as duration, spectral content, and resonance that may considerably affect the MMI estimate. Furthermore, PGA only refers to a maximum value at a single point, as opposed to MMI, which refers to a maximum or average level of damage and earthquake effects throughout an area.
Given these considerations, if we consider the 1719 earthquake as a subduction event, the PGA-MMI relationship indicates that the ground acceleration should have been much higher in the Salvadorian coast than around San Salvador or San Vicente. This would result in extensive damage to coastal communities such as La Libertad and Acajutla. We know that these communities were important commercial harbors at the time of the earthquake (Gerhard, 1960 Libertad, 2008; León-Sáenz, 2010) ; however, we could not find any record of damage at these locations, which leads us to believe that there was no damage or the damage was not significant enough to be recorded.
The contour map defined by Peraldo and Montero (1999) for the 6 March 1719 earthquake shows the MMI VII contour opened to the south, as expected from a source located in the subduction zone (Fig. 7c) . However, as already mentioned, we have not found any descriptions of damage or seismic effects in the analyzed historical documents in the southern part of El Salvador, the area that would be closer to the epicenter assuming a subduction source. Peraldo and Montero (1999) even said that, "looking closely the earthquake damage reports, only the San Salvador and San Vicente area suffered significant damage." Moreover, the isoseismal map and the acceleration map produced by the January 2001 M w 7.7 subduction earthquake corroborate that this kind of event should produce significant damage in the coastal region of El Salvador (Fig. 7a) . To clarify this inconsistency in the 1719 earthquake damage distribution, we reanalyzed the damage descriptions in the documents and reinterpret the intensity data (Table 1) . Peraldo and Montero (1999) and White et al. (2004) indicate an MMI of VIII for Zacatecoluca, referring to White and Cifuentes (1988) . This work is unpublished, so we could not identify ▴ Figure 3 . Logs of the El Carmen and Olivar trenches and the Camino exposure studied on the San Vicente segment of the El Salvador fault zone (ESFZ).
the primary data source for the Zacatecoluca damage. In our research, we have found no reference to damages in this location. We believe that, if there had been an intensity in Zacatecoluca equal to that of San Salvador and San Vicente, there would have been some evidence of damage recorded, since Zacatecoluca by then was an important town in El Salvador, with higher population than San Vicente (Browning, 1975; Cortes y Larraz, 1985; FISDL, 2006b) .
Lardé-Larín (1978) and Peraldo and Montero (1999) compiled some descriptions of large fractures, liquefaction zones, and a sulphuric gas leak produced by the 6 March 1719 earthquake, as well as the destruction of numerous buildings, including houses, churches, and monasteries, especially in the cities of San Salvador and San Vicente. These authors also described a large number of foreshocks and aftershocks felt in the area. The number of deaths at the time of the mainshock was unexpectedly low (seven deaths) for the size of the event, possibly as a result of the warning effect resulting from the 150 felt foreshocks (Lardé-Larín, 1978) . The earthquake occurred on Monday at about 1:00 a.m. Probably the population, alerted by the foreshocks, was spending the night on the streets at the time of the earthquake. In addition, the event occurred at the end of the dry season, so could have involved a low number of geotechnical effects (e.g., landslides and lateral spreading) associated with the earthquake. In El Salvador, landslides caused by earthquakes raised the number of deaths and injuries . The absence of large landslides associated with the earthquake of 1719 (if it happened) could also have contributed to the low number of victims.
The descriptions of the 1719 earthquake effects around the cities of San Salvador and San Vicente (Lardé-Larín, 1978; Peraldo and Montero, 1999) are very similar to those reported after the February 2001 earthquake in terms of damage distribution. We constructed a new isoseismal map (Fig. 7d) based on physical effects and damage data found in the literature (Table 1) . We used a Kriging interpolation method that is considered an adequate technique in macroseismology (Schenková et al., 2007) . In Figure 7d , the isoseismals show slight west-east orientation controlled by the distribution of MMI VIII, which form two spots in the meizoseismal area. This isoseismal geometry is coherent with the position of the ESFZ in the central part of the country and similar to the damage produced by the February 2001 earthquake (Fig. 7b) . 
DISCUSSION AND CONCLUSIONS
Active faults in volcanic arc regions usually are not considered capable of generating large-magnitude shallow earthquakes due to mechanical conditions of the crust. However, recent paleoseismological studies on the ESFZ support the proposal that large earthquakes can occur in the central Salvadorian region (Canora et al., 2012) . This inconsistency may be related with the kinematics of the ESFZ. In El Salvador, there are evidences of weak subduction coupling (Pacheco et al., 1993; Guzmán-Speziale and Gómez-González, 2006; Álvarez-Gómez et al., 2008; Correa-Mora et al., 2009) , hence the state of the stress in the volcanic arc depends on the tensional forces due to the drift of the Caribbean plate toward the east (Álvarez-Gómez et al., 2008) . In this context, the ESFZ is a strike-slip transtensional fault that represents a plate's limit between the fore-arc sliver and the Chortis block. Therefore, the seismic behavior of the ESFZ is not that expected for volcanic arc faults, and this could be a reason for the occurrence of M w ≥ 7 earthquakes in the El Salvador volcanic arc.
It was not until the occurrence of the February 2001 M w 6.6 earthquake that the ESFZ was defined (Martínez- Díaz et al., 2004) , and consequent studies identified it as a source of large strike-slip earthquakes (Canora et al., 2010) . Several segments of the ESFZ form part of a large dextral strike-slip system within the active volcanic arc of El Salvador. The 2001 M w 6.6 earthquake was a moderate-size event, but it produced significant damage and thousands of injured. Earlier events that occurred during the last 1500 years show displacements ranging from ∼0:6 m to as much as 3.7 m, suggesting that the fault is capable of generating surface-rupture earthquakes of M w > 7:0 (Canora et al., 2012) . An example of these large events might be the 6 March 1719 earthquake.
Peraldo and Montero (1999) calculated a magnitude M s 7.2 for the 1719 earthquake, assuming that it was a subduction intraplate event and entering a maximum intensity value of VIII. They claim that large surface earthquakes in the subduction zone generate higher intensities in the coastal zone and decrease in intensity further inland. We agree with this statement; however, in the case of the 1719 earthquake, we found no evidence that the maximum intensities occur in the coast and decrease inland, as there are several ancient populations in the coastal zone (e.g., La Libertad and Acajutla) in which no damage from this event was reported.
Comparing the MMI VII contour area for the March 1719 earthquake from our isoseismal map (Fig. 7d) with that of the February 2001 earthquake (Fig. 7b) , we can conclude that the 1719 event must have had a greater magnitude than M w 6.6. To attempt to determine the magnitude for the 1719 earthquake, we analyzed the empirical relationships between the area covered by the isoseismal and the magnitude defined in North and Central America (Bollinger et al., 1993; Suter et al., 1996) , and we used the February 2001 earthquake to check its validity for El Salvador. We found that these relationships clearly underestimate the magnitude, which may be explained by the greater energy attenuation in the Salvadorian volcanic arc, probably due to high structural complexity bound to a strong lithological anisotropy in surface levels. The relationship defined by Bollinger et al. (1993) The maximum intensity of VIII occurred in the central part of El Salvador. Earthquake intensity reflects the observed physical effects and damage related to local ground shaking as described in the modified Mercalli intensity scale.
El Salvador earthquake (Fig. 8) . Using the Bollinger et al. (1993) relationship, we calculated an M w 6.6-6.8 for the 1719 event (Fig. 8) for the isoseismal areas proposed in this paper (Fig. 7d) . It is true that the scatter of the data used by Bollinger et al. (1993) is significant, so the real magnitude for the February 2001 El Salvador earthquake can be included in the standard deviation associated with these relationships. Despite this, we consider these empirical relationships underestimate the magnitude in El Salvador; therefore, the 1719 M w event may have reached a moment magnitude greater than 6.8, and it is possible that it was greater than 7.0. The isoseismal map from this study indicates that the source of this earthquake could have been a large (M w ≥ 6:8), shallow (< 20 km depth) rupture within the volcanic arc of El Salvador, and this is coherent with a fault source located in the ESFZ. The 6 March 1719 earthquake could correspond with ▴ Figure 8 . Empirical relationship between the moment magnitude and the MMI VII and VI areas from Bollinger et al. (1993) . Large black stars represent the February 2001 El Salvador earthquake according to the empirical relationship, and gray stars show the real magnitude and isoseismal area for this event. The large circles represent the March 1719 earthquake according to data from this study, and the triangle shows this same event according to Peraldo and Montero (1999) (Wesnousky, 2008) . L, surface rupture length (km). ‡ M w 5:12 1:16 logL − 0:20 logS (Anderson et al., 1996) . L, surface rupture length (km); S, slip rate (5 mm= yr). § RI Mo= _ Mo; log Mo 16:1 1:5 M w (Hanks and Kanamori, 1979) ; _ Mo μA_ s (Brune, 1968) . Mo, seismic moment (dyn·cm); _ Mo, seismic moment rate; μ, average shear modulus; A, fault rupture area; and _ s, average slip during the earthquake. RI 1 , RI 2 , and RI 3 are recurrence intervals based on the magnitudes calculated using the empirical relationships of Stirling et al. (2008) , Wesnousky (2008) , and Anderson et al. (1996) , respectively. one of the ruptures identified in the San Vicente segment of the ESFZ due to its age and displacement.
In order to improve the seismic-hazard assessment in the area, we calculated a range of expected maximum magnitudes and recurrence intervals for large earthquakes on the ESFZ (Table 2) based on available information, such as fault length and fault displacements (Canora et al., 2010) , events recognition, measurement and dating (Canora et al., 2012) , and fault slip rates (C. Canora et al., unpublished manuscript, 2013) . Once again, we used the February 2001 earthquake to check the validity of the existing empirical relationship and those that best fit for El Salvador are included in Table 2 . Recurrence intervals arising from the empirical relationships for large earthquakes are consistent with the data obtained from paleoseismic studies (recurrence interval of 750 years for M w > 7 earthquakes; Canora et al., 2012) .
Earthquake hazard and risk in the vicinity of the ESFZ should be analyzed considering these new insights. Especially given that some of the faults that form this structure are found in the vicinity of large cities such as San Salvador, with a population of > 2 million people.
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